Introduction
To improve the efficiency of gas-turbines, their firing temperature has been greatly increased up to the 1300C range due to the progress in heat resistant alloys and blade cooling techniques. This trend, however, seems to become weakened recently. Accordingly the ceramic alternative with much higher limits are becoming even more attractive, though some of the past studies have not shown optimistic prospects for the application.
The basic structure of present blades has been based on the assumption that they will be made from metal, although this fact is not always recognized. Ceramics, however, has much different characteristics compared to metal. Adequate ceramic reliability could not be expected just by the direct replacement of metals with ceramics, keeping the original blade structure. The successful application of ceramic$ requires new design concepts appropriate to the characteristics of the material. In this paper, the authors propose the adoption of some new blade design concepts. Their company has a plan to establish a pilot experimental heavy duty gas-turbine equipped with those ceramic blades in the near future. It will prove the high possibility of ceramic gas-turbines and will accerplate the development programs for the final target.
A successful preliminary hot spinning test of these ceramic blades was carried out under conditions similar to those of the pilot machine. The design concept and reliability analysis of the moving blades are introduced here along with several preliminary test results. Also a proposal for stator blades designed with this new concept are proposed showing test plans and some analysis results.
fatigue activated by start / stop thermal stress, high cycle fatigue and creep at the appropriate high temperatures due to mechanical stresses resulting from centrifugal forces, and, gas pressure stress and thermal shock strength resulting from transient thermal stresses due to trip operation, and so on. Usually ceramics have the following generic strength properties: 1) Typical ceramics are brittle materials with much lower fracture toughness and much higher scatter in strength than metallic materials. 2) Fast fracture, creep rupture and fatigue failure due to tensile or bending loads show time-dependent fracture behavior governed by slow crack growth from one of innumerable initial flaws, and so the ceramics' fracture strength depends on such loading details as unloading or loading stress rate and stress hold time.
3) The fracture strengths, depending on size of the ceramic components and stress distributions, are affected by the volume dependence governed by the probability of existing initial flaws. 4) In ceramics, compressive strengths are typically about 5 times higher than the tensile strengths [1] , [2] • Therefore, the authors proposes the unified estimation method [3] as the means evaluating ceramic strength. The proposed method evaluates in anunified way all data obtained by fast fracture, cyclic fatigue and creep rupture tests caused by tensile or bending stress. The method is devised theoretically as follows.
Crack growth rate from an initial flaw with the size of a are expressed as da/dt=CKzmax°=C(^d na )° (1) Fundamental Considerations Concerning Structure and Material Strength of CGT .1 Concept for Unified Strength Estimation Method In the ceramic application in gas-turbines, it is important that the candidate ceramics should be analyzed and evaluated with respect to low cycle
where B= 2/((n-2)C1 fit)"} where B = 2/{(n-2)C( ii) n }, tf is real time up to fracture. Thus, suppose that ceramics can be divided into a large number of elements and stress is constant in each element, then dimax teff = B(1/fã) "-2 .... (3) where aimax is the maximum principal stress of element(i), a i , the maximum flaw size in element (i).
The effective stress hold time is then
On the other hand suppose that the inert strength of ceramics follows two-parameter Weibull distribution, the distribution function of a. can be i expressed in turn as
.. (5) Where m and a 0 are Weibull parameters. From Eq.(4) and Eq.(5) the probability, R i , that 6 imaxn teff become larger than a certain value can be now given as
Applying the weakest link model, the nonfracture probability, R of overall ceramics under uniaxial stress is then
.... (7) Here, suppose that aimax is allowed to achieve its maximum value during stress-time variance of the element and that t eff calculated by Eq.(4) is the same for every element, the above Eq.(7) can become Eq.(8),
Where V is volume. Subsequently, the fracture probability, P f ,for the overall ceramic component is given by
where mn/(n-2) and a 0 are the shape and the scale parameters, respectively, of two-parameter Weibull distribution of the delayed fracture strength. However,since mn/(n-2) equals nearly to n (20 ^-100), the above Eq.(9) can bereduced to
This Eq.(10) implies that the value of the denominator in the { } branckets is the two -parameter Weibull distribution.
Data analysis based on unified strength estimation method
The data analysis based on this method is described below.
The effective volume, Veff' and the effective stress hold time, teff' are
where t 0 is the time until fracture in the case of fast -fracture and is the period time in the case of cyclic fatigue.
obtained by kinds of tests as described previously were converted into the normalized strength in the case of V eff 1 mm3 and Nf t eff = 1 sec by the following Eq.(13)
where of is the inverse of crack growth rate index n.
Next,assuming two parameter Weibull distribution expressed as
the statistical analysis of 6f were done by using Maximum likelihood method, and
where k is sample size. The calculation from Eq. (11) to Eq.(15) were repeated till m/m 0 and fl/n0 converge nearly to unity.
Also the two Weibull distribution parameters, m , a 0 , and the constants of strength properties, n f , n, can be estimated so as to satisfy the fracture mechanism at the same time. Finally, the unified estimation equation can be given by the expression Here, X 2 (2k,l-r) is the percent point of chi-square distribution for degree of freedom, 2k,.
where a Ii' a 2i' a3i are the principal stress of element i of FEM and 0=1 for 0>0 and 0 -0 for a<0. Here, the following assumptions are made considering the maximum principal stress criteria, where i) Each principal stress of an element contributes to the fracture based on crack growth from an initial flaw individually with together. ii) Compressive stress plays a negligible role in the above fracture.
2.3 Reliability analysis of the ceramic blades under multiaxial stress Reliability analysis requires not only the maximum value of principal stress , a max' but also the effective hold time, teff and the effective volume, J eff ' considering stress distribution. Thus the effective hold time, teff' in the case such as trip operation is obtained by integrating the maximum principal stress changing with time, a max (t) The centrifugal stress is the most essential and representative among the many kinds of stresses in the moving blade. For examples, vane root stress or dovetail hook stress from centrifugal force can be easily estimated for standard design blades, using only the annulus area of the turbine stages, revolution number and material density etc [4] . As shown in Fig. 2 , those stresses are related to the unit capacity, as the capacity is almost proportional to the annulus area.
This means that more than 400MPa strength is required for ceramics, if the conventional method is applied.
Therefore, ceramic blades with the same structure as conventional metal blades will not be realized in near future. Assuming that stress concentration ratio is 3.0, the stress is normalized by the Veff of blade for each power.
Thermal shock stress:
Thermal shock stress at operation trip, that is transient thermal stress, depends on the plate thickness h. On the assumption that both surfaces of an infinite plate are rapidly cooled from 1300C to 400°C by air, the maximum tensile thermal stress on the surface increases with the plate thickness as shown in Fig. 3 . The tensile stress becomes 240-360 MPa for about a 5mm thickness. So we must use ceramic components of a simple shape with a thickness as thin as possible and thickness-change as small as possible for ceramic applications. Plate thickness h (mm) Fig.3 Relationship between plate thickness and maximum thermal stress Stress caused by thermal expansion difference: While ceramics are heated in contact with metals without slip, a thermal expansion differential stress arises due to the difference between the thermal expansion coefficients of both materials. Such a condition will occur in the moving blades, where a ceramic part is supported at the metal surface against high centrifugal force. The magnitude of this thermal stress in ceramics is extremely severe as shown in Thermal stress on the face that contacts the metal: Where a hot ceramic part contacts with the continuously cooled metals, the thermal stress becomes larger with an increase in the temperature difference between the ceramics and the metal as shown in Fig. 5 . The insertion of an insulation layer or special coatings are needed for use as countermeasures to reduce the thermal stress caused by the large changes in temperature. The impingement of foreisn objects and fracture toughness:
From the view point of practical operation, the impingement stress due to foreign objects must be considered. On the assumption that the particles of Fe 2 03 contained in high speed, hot gas impinge on the moving blade, the required fracture toughness is derived using the impingement velocity as shown in Fig. 6 . Here, the fracture criteria is as follows; When the Hertz stress during the effective hold time caused by impingment becomes larger than the strength of the ceramics, ring crack will occur on the surface [5] .
0 100 200 300 400 500 600 700 800 900 1000
Temperature defference Tg -Tm (°C) 
Ceramic Material Suitable for CGT Blades
The required properties of blade material as studied in chapter 2 are summarized as a radar chart in Fig.? .
For a 1500t range gas-turbine the maximum operating temperature of the material may be estimated at about 1600°C. The target strength at high temperatures is about 700 MPa taking into account margin factors and reliability. The blade material will of course also have to show adequate oxidation and corrosion resistance when subjected to high temperatures, high pressures and high-speed fired gas flow. The required fracture toughness for the material is about 6MPa %/ñC which was calculated in chapter 2 and is as shown Fig.  6 .
In the fabrication of ceramic blade the following factors are necessary; a defect free, good dimensional accuracy, reproducibility, and low manufacturing cost. Moreover enough technical potential for fabricating large size, complex shaped parts such as a near net shape forming process.
The difficulty in the fabrication technique increases as the size gets bigger for defect-free and homogeneous large ceramic parts. The Weibull modulus is used as an index for homogeneity of ceramic parts. As shown in Fig. 2 , when the same stress applied to a blade, the required Weibull modulus of the ceramic part increases as the output power increases. In the case of a large capacity gas-turbine, for a 200mm effective length of first-stage blade, the required Weibull modulus is more than 20. At the present stage, no ceramics will satisfy the final materials properties target for a large capacity gas-turbine hot parts. However, three possible materials as candidates for a 1300°C range gas-turbine ceramic blade.
They are commercial sintered silicon nitride (TSN-08), sintered silicon carbide(TSC-01) and recently developed sialon(SiN-E). The physical and mechanical properties of these materials are shown in Fig. 8 in a radar chart type format.
TSN-08 is used in automobile engine parts. Its advantage lies in its high fracture toughness. Its disadvantages lie in a deterioration in strength and a low oxidation resistance at temperatures around 1400°C.
TSC-01 has been used for ceramic combuster liner parts. The ceramic parts of the combuster were reported as having no damage after testing done under 1300°C at a 15 ata firing condition. Its advantage lies in its high oxidation resistance. As for the blade requirements, the use of TSC-01 have not shown adequate structural strength or fracture toughness.
SiN-E was prepared by mixing alumina and hafnia as sintering aditives and by hipping after sintering. Oxidation characteristics at 1400 in air are shown in Fig. 9 compared with TSC-01 and TSN-08. From this figure thickness of oxidation layer attacked at 1400°C after 10 hours was extrapolated to be about 3001Lm for SiN-E. Three point flexural strengths were measured under several cross head speeds at 1000 and 1400°C respectively. The data were then normalized by the unified estimation method as shown in Fig. 10 . A slip casting forming process, as a near net shape forming process, was developed for SiN-E as well as TSN-08 and TSC-01.
From the above studies, SiN-E is considered to be suitable material for 1300°C range gas-turbine blade.
Further improvements in materials properties are under development towards higher strength, higher oxidation resistance and higher fracture toughness at high temperatures. The aim for the development of ceramic materials is focused on to be balanced among these material properties. An advanced near net shape process is also under development capable of forming large sidze, complex-shaped parts with homogeneous raw material distribution and high green densities. In the near future, a pressure assisted slip casting process may be introduced. characteristics of its strength in the high temperature zone, the firing temperature of the pilot gas-turbine was decided to be 1300'C. The other specifications such as the pressure ratio, the, induced air-flow or the revolution number have to be adjusted to those of the experimental gas-turbine installed in the author's company, because only the hot parts will be replaced with ceramic blades to reduce development costs. The experimental gas-turbine was designed to be about one/third the size of the current large capacity 1300'C level gas-turbine with air-cooled metal blades. The capacity, the revolution number and the pressure ratio are respectively around 15MW, 10200rpm and 15.9. The ceramic experimental turbine was designed keeping in mind that it will be first trial use of heavy duty ceramic gas-turbines to actually produce power. The turbine part consists of 4 stages with smaller diameters than those of the existing three stages turbine, to reduce the stresses of the rotating parts. The first two stages have ceramic stator and ceramic moving blades. A sectional view of the ceramic turbine is shown in Fig.11 .
The efficiency of the ceramic gas-turbine will be improved by about two percent over the existing unit due to the reduction of the cooling air at the same firing temperature The main purpose of the ceramic gas-turbine experiment is neveretheless simply to prove that ceramic blades can actually be used. Therefore the initial design will leave much room for later improvements in efficiency and refinements.
There are two specific control systems incorporated into the ceramic gas-turbine. One is a system to reduce the transient thermal stresses on the ceramic parts at trip condition by the compressed air bypass system and the firing control with dual burners. The effect of the control is shown in Fig 12. The other system is the ceramic-metal matching system as proposed in detail in Chapter 5, to reduce the frictional stress near the contact surfaces of both materials in the moving blade due to the difference of thermal expansion. The moving blade for the gas turbine was designed as shown in Fig.13 and Fig.14 . It consists of a ceramic sleeve with a cell structure and a metal core with air-cooling holes. The metal core has flexible ribs at the face contacting the ceramic sleeve. The cooling air is blown into the holes at the dovetail end of the metal core and is blown out from the head-side holes. This cooling method prevents elevation in the core metal temperature.
The moving blade was designed with the following concepts in mind; The tensile forces are imposed on the metal portion which has a high tensile strength, the compression forces are imposed on the ceramics portion which has outstanding compression strength. The other advantages obtained from this concept are 1)Fairly small thermal stress occurs owing to the thinness of the ceramic material. 2)A simple construction of ceramic part means easy manufacturing and quality control process. 3)Large field with compression stress has an advantage for the impingement force from foreign objects. This design results in a decrease in the amount of cooling air as compared with conventional designs. That is, it decreased from 4.7% to 1.8%.. The new problems related to strength caused by the new design are as follows;
1)The thermal expansion differential stress under the condition that ceramics is sticking to the metal by high centrifugal force.
2)The reliable technique of diffusion bonding adequate for joining the head part to the main portion of metal core.
Thermal expansion differential stress: As the measures against this thermal stress, many kinds of ideas were devised and checked by heat tests which were carried out using an actual metal head and ceramic sleeve contacting each other under compression. Finally the construction with flexible ribs was adopted. Ceramic -metal matching control:
To decrease the thermal expansion differential stressas described above, ceramics -metal matching control is also adopted in the process of start and loading. in this control system, the head part of metal core is at first heated up by the operation of shutting the cooling-air through metal core at the moderate revolution speed. This condition allows the mutual slip movement at the contact face caused by the thermal expansion difference. Then speed-up and loading operation are done up to the rating conditions. So the final thermal expansion difference after sticking each other by centrifugal force becomes much less in case of" with matching control "than in case of "without the control '. Fig.15 shows the comparison of both cases while start and loading process. Stress analysis and strength evaluation: The calculated temperature distribution during the steady state of the rated condition is shown in Fig.16 . The above steady stress distribution including the centrifugal stress is shown in Fig.17 . The maximum stress arises at concave corner near the trailing edge of the contact side. Fig.18 shows the maximum transient stress which arises at 1.3 sec after the trip. It is noticeable that the zone where high level stress occurs at the trip is very local and that the steady thermal stress is compressive at the most zone of ceramic sleeve. Fig.19 shows the evaluation of the above stresses which indicates a very reliable design.
Diffusion bonding:
Transient liquid phase bonding ® P&WA was developed as the diffusion bonding for the metal core. A filler metal of the same chemical composition was inserted between the head and the core. Then they were heated under compressive loading for bonding. The sound diffusion bondings can then be obtained by performing the heat-treatments such as diffusion, solution and aging. As the reliability study against the diffusion bonding, the metal specimen bonded by the diffusion bonding method were tested for evaluating the strength Stresses in the stator blades are mainly due to gas reaction force, steady thermal stresses, thermal shock at operation trip, impingement of foreign materials and so on.
The above stresses, however, are essentially lower than the centrifugal stresses in moving blades. Or they can be reduced by the use of adequate design.
It means that solid type ceramic blades without any air-cooling can be more easily applied in the stator than in the moving blades.
The improvement in efficiency due to the absence of a cooling function is much larger in the first stage stator blade row than the other following rows because a hotter cascade needs more cooling air in a conventional air cooled gas-turbine.
Ceramic

movingblades
It is better for the total reduction of the cooling air in a row that not only the blades, but the end walls also be replaced with ceramic material if possible.
An integral construction of the blade and both end walls is superior to a separated one in order to smoothly transmit the gas reaction force from the blade into the walls to avoid the possible steep stress concentration at the boundary between the walls and the blades. Curved plate or shell construction is generally desirable for ceramic parts from the point of view of thermal stress, manufacturing and quality control. Moreover, a thin profile shows good hydrodynamic characteristics as the first stage stator blade because the flow has a steady and comparably constant inlet angle.
In the corners between the blade and end wall it is better to have large radii from a mechanical point of view. Also from hydrodynamic point of view, a shape with an adequate radii or lean angle, called compound-lean blades, is considered best in order to suppress the secondary flow effects or also to optimize the radial distribution of the reaction percent in the stage.
Historically, three-demensional shape of turbine blades have been designed in such a way that the optimized two-dimensional profiles are first designed or selected and then stacked in a radial direction to match the axis-symmetrical three-dimensional flow pattern. So the shapes of any of these blades are similar. However, recent progress in computerized fluid dynamics is making possible a more free type of blade design. Three-dimensional optimization is becoming applicable in the design stage, for the blades shown in Fig.23 .
Fixation of the ceramic blades to the casing or the support holders must be minimized, leaving as much freedom of movement as possible in consideration of factors like the ceramics manufacturing accuracy, the deformation of the casings and the thermal expansion difference. The rigid contact surfaces must be limited to the ends of the wall plates so that the gas force is transmitted only by compression. The calculated temperature distribution at a steady state of the rated condition is shown in Fig.25 . The maximum temperature is 1390'C, which is near the limit allowed based on the strength and the oxidation of SIN-E ceramics. The stress distribution at the above steady state is analyzed as shown in Fig.26 . The stress is caused by thermal and gas forces. The maximum stress is 153MPa and the normalized stress is 167MPa_ Associated with the temperature change shown in Fig.12, the transient stress The trip test at atmospheric conditions was successfully finished and then the test at actual pressure conditions has been prepared.
The air turbine tests were conducted to check the performance of the stage with the stator blades and the moving blades as described in chapter 4. The photographs of the tested blades are shown in Fig 28. As a result of these tests, it was proven to have the same level of stage efficiency as the most sophisticated type blade rows by standard design methods. 
7.Conclusion
Two kinds of ceramic blades with the new concept were designed for use in experimental heavy duty gas-turbines of 1300°C,15MW and 10200rpm.
One is a ceramic sleeve type moving blade with a metal core cooled by a much smaller amount of air than usual air-cooled blades. Its main feature is that the sleeve is supported by core at the tip of the blade. So most parts of the ceramic sleeve are under compression stresses due to centrifugal force. The hot spinning tests were successfully carried out under conditions simulating those of the actual machine.
The other is a curved thin plate type stator blade with a integral construction of the vane and both end walls which resembles a sunvisor. It needs no air cooling and offers many advantages as a ceramic part.
At present, a newly improved ceramic material SIN-E has been realistically selected for the above blades. It offers balanced characteristics as a ceramic material for gas-turbine blades.
In addition, the new concept of "Ceramics-Metal Matching Control" has been proposed.
The strength of the above-mentioned blades were effectively evaluated by the newly developed Unified Estimation Method.
